The purpose of this study was to investigate atypical multifocal ERG (mfERG) responses for patients with diseases that can affect the photoreceptors. MfERGS were obtained from seven patients with retinitis pigmentosa (RP), three with progressive cone dystrophy (CD) and eight with diabetic retinopathy (DR). Both first-and second-order kernel responses were analyzed. The amplitudes and implicit times of the first-order responses were compared to those obtained from age-similar controls. For the first slice of the second-order response, the root-mean-square (RMS) and the signal-to-noise ratio (SNR) of each response were calculated. Achromatic visual fields were also obtained from each subject. For the three groups of patients, first-order responses with relatively large amplitudes, broad-shaped waveforms and markedly increased implicit times had non-measurable second-order responses. These responses were associated with areas of decreased visual field sensitivity. As RP, CD and DR affect the outer retina, the results are consistent with damage to the outer plexiform layer rather than damage to the inner retina.
Introduction
The multifocal electroretinogram (mfERG) is a technique devised in the early 1990s by Sutter (Sutter, 1991; Sutter & Tran, 1992) . It allows for the simultaneous recording of many, spatially localized ERGs and has proved to be very useful in identifying areas of decreased retinal responsiveness in diseases affecting the retina, particularly diseases of the outer retina (see Hood, 2000 for a review). For example, patients with diseases such as retinitis pigmentosa (RP), and progressive cone dystrophy (CD) typically have decreased mfERG response amplitudes with increased implicit times (e.g. Holopigian, Seiple, Greenstein, Hood, & Carr, 2002; Hood et al., 1998; Kondo, Miyake, Horiguchi, Suzuki, & Tanikawa, 1995; Seeliger, Kretschmann, ApfelstedtSylla, Ruther, & Zrenner, 1998) . In addition these patients have regions of decreased visual field sensitivity on automated achromatic perimetry. Of interest are recent isolated reports of patients with these diseases, who have relatively large mfERG responses in regions with poor visual field sensitivity (Holopigian et al., 2002; Hood et al., 1998) . The mfERG responses are not only relatively large, but they are also delayed in implicit time, and have broad waveforms. Recently, the secondorder kernels of these responses were found to be nondetectable in two such patients (Hood, 2000) . In addition, preliminary data from two patients with diabetic retinopathy (DR) suggest that DR, which affects the outer retina as well as mid-and inner retina, can produce effects similar to those seen in patients with RP and CD (Hood, 2000) . As discussed below, the second-order kernel is a measure of the effects of adaptation due to the preceding flash. Thus the question naturally arises as to the site of damage causing these changes.
The findings of these initial reports are potentially important for our understanding of mechanisms of disease action as well as mechanisms of adaptation. The purpose of this study was to confirm and quantify these findings and to gain insight as to their possible retinal origins. We therefore tested patients with RP, and CD, diseases that primarily affect the outer retina, and patients with DR a disease affecting outer, mid-and inner retina and analyzed both the first-and second-order responses. A preliminary report of these data was presented at ARVO, 2001.
Methods

Subjects
Eighteen patients were recruited for the study. Seven were diagnosed with RP, eight with non-proliferative DR and clinically significant macular edema and three with CD. The patients were recruited from the practice of one of the authors (REC). For inclusion in this study the patients with RP and CD had relatively large mfERG responses associated with regions with poor visual field sensitivity as opposed to the typical findings of decreased mfERG response amplitudes associated with regions of poor sensitivity. The patients with DR and clinically significant macular edema also had relatively large mfERG responses associated with regions with poor visual field sensitivity. Relevant patient characteristics are listed in Tables 1-3 . None of the patients had significant cataracts and all were able to maintain steady central fixation. Seven age-similar control subjects also participated in the study.
All subjects gave informed consent to participate following a full explanation of the procedure. Tenets of the Declaration of Helsinki were followed, informed consent was obtained after the nature and possible consequences of the study were explained, and the Institutional Board of Research Associates of New York University School of Medicine and Bellevue Hospital approved the research protocol.
Apparatus and procedure
For all subjects, the eye with the better visual acuity was tested. If visual acuity was equivalent in the two eyes, the right eye was tested. The contralateral eye was patched. For all data obtained with the left eye, the visual field and mfERG values were left-right reversed so they were comparable to the right eye data.
Multifocal ERGs
Following pupil dilation (1% tropicamide and 2.5% phenylephrine hydrochloride), cone-mediated mfERGs were recorded. The multi-focal technique used in this study was based on the work of Sutter and Tran (1992) and has been described in detail elsewhere (Hood et al., 1998) . Briefly, the stimulus consisted of an array of 103 hexagons that were scaled with eccentricity. At the viewing distance of 32 cm, the hexagon display subtended 46°horizontally and 39°vertically. A central X was used for fixation. The stimulus sequence was set so that each hexagon had a 50% probability of being white or black on each frame (0 F). The luminance of the white hexagons was 360 cd/m 2 and the luminance of the black hexagons was 7 cd/m 2 ; the surround luminance was 200 cd/m 2 . The mfERGs were recorded with a bipolar Burian-Allen electrode. The ipsilateral ear served as ground. The mfERG signal was sampled at 1200 Hz, amplified (Grass P511J preamplifier; 100K) and band-pass filtered between 10 and 300 Hz. Subjects were best-corrected for the viewing distance and lightadapted to the ambient light. The pupil was continuously monitored with a camera. Two recordings were obtained each approximately 3.6 min in duration, separated into eight segments. Any segment contaminated by loss of fixation, small eye movements, or significant artifacts was rejected and re-recorded. The two recordings were averaged for analysis. Both first-and second-order responses were analyzed qualitatively and quantitatively.
Qualitative analysis
The mfERG first-and second-order responses were averaged by rings (see Fig. 1 ). The second-order response components in the central seven hexagons were very small and non-measurable in five of our control subjects, therefore responses from these hexagons were excluded.
Quantitative analysis of first-order responses
The amplitudes and implicit times of each response were measured using a program in MATLAB (Hood & Li, 1997) . A template was obtained for each of the 103 hexagonal areas from the averaged data for the controls. Templates were multiplicatively scaled in time and amplitude and fitted to the first 80 ms of the patientÕs ERG response for each respective hexagon (Hood & Li, 1997) . For each response, the least squares fitting procedure yielded a value for the statistical goodness of fit, which indicated the degree to which the error in the fit was minimized. A perfect fit to the template produced a statfit of 0.0 while a value of 1.0 indicated that the fit did no better than the mean of the data. The goodness of fit level was set at 0.75, which represents a false positive rate of less than 3% (Greenstein, Holopigian, Hood, Seiple, & Carr, 2000; Hood & Li, 1997) . A measure of both timing and amplitude were obtained for each response.
Quantitative analysis of second-order responses
The first slice of the second-order component was examined. The size of each response within an epoch from 10 to 60 ms was analyzed using the root-meansquare (RMS) measure in VERIS software. Signal-tonoise ratios (SNRs) were calculated for each subject for each response by dividing the RMS for the epoch containing the signal by the average of the individual RMS values for an epoch containing only noise (see Fig. 2 ). In particular,
where i is the ith hexagon and n is 103 i.e. the total number of responses per subject.
Visual fields
Visual fields were measured using a Humphrey Visual Field Analyzer (Humphrey Systems, Inc., Dublin, CA) and the full threshold technique. The standard program was modified to assess 103 points, including a central threshold point. Each test spot subtended 26 0 (0.43°) and was placed at the retinal location corresponding to the middle of each hexagon used for the mfERG Fig. 1 . The response groups for the ring analysis. recording. The background luminance of the display was 10 cd/m 2 and these Humphrey visual fields represent thresholds for the cone system.
Results
Examples of first-and second-order responses for the four rings for four of the control subjects are shown in the left and right hand columns of Fig. 3 . The dashed vertical line in the left-hand column represents the mean implicit time of P1, the first positive peak, for all the responses for the control subjects. For the first-order responses there is a slight variation in waveform, implicit time and amplitude with eccentricity. The second-order responses are much smaller and are composed of a number of peaks and troughs occurring over a time interval of about 10-60 ms. The results obtained for the patients are shown in Fig. 4A -C. The second-order responses are non-detectable for the majority of rings for RP1, 2, 3, 4, and 6 (see Fig. 4A ), for CD1, 2, and 3 (see Fig. 4B ), for DR1, 2, and for two rings for DR3 (see Fig. 4C ). These non-detectable second-order responses are associated with locations in which firstorder kernel responses have broad shaped waveforms and increased implicit times (the dashed vertical line represents the mean implicit time of P1 for the control subjects). This qualitative observation is confirmed in Fig. 5 . Fig. 5 shows the results of the quantitative analysis of the second-order responses. Panels A and B show the data for the patients with RP and CD and panels C and D the patients with DR. The SNRs for the second-order responses are plotted as a function of the P1 implicit time. As inspection of the ring data in Fig. 4 indicated that non-detectable second-order responses were associated with locations in which firstorder P1 response amplitudes were relatively large and delayed only data from locations with first-order P1 amplitudes > 0.2 lV are shown. Responses from normals with P1 amplitudes > 0.2 lV had measurable second-order responses. The large open circles are the averaged SNR values for the control subjects. Each data point is the average SNR value for the seven control subjects for one location. In control subjects, there is no relationship between the size of the second-order response and the implicit time of P1. The horizontal line denotes a SNR of 1.0, the locus of points for which the RMS amplitude is identical in the signal and noise windows. The responses with prolonged first-order responses tend to have second-order kernel responses that cluster around this line. Of the 18 patients, none with RP or CD appear to deviate from this generalization. Fig. 5C shows the results for the 3 patients with DR who are best described by the general finding. The majority of the non-measurable or diminished secondorder responses are associated with an increase in P1 implicit time. For the other 5 patients with DR shown in Fig. 5D the majority of the second-order responses have SNR values >1.0. These responses are associated with P1 implicit times that are <32 ms.
The visual fields for patients with relatively large firstorder response amplitudes, increased implicit times and non-detectable or diminished second-order kernels were analyzed separately. These abnormal responses were associated with regions of decreased visual field sensitivity. Examples of visual fields for RP1, 4, DR 2 and CD 2 are shown in Fig. 6 . The visual field results were obtained by modifying the Humphrey program so that each test spot was presented in the center of each of the 103 hexagons. The visual fields are expressed as the difference (in dB/10) between the mean threshold of the control group and the threshold for the patient. The three hexagons labeled · are hexagons falling on the blind spot. The white hexagons represent threshold differences within 2SDs of the mean, and dark gray hexagons differences greater than 2SDs. In Fig. 6 a value of 0 corresponds to 0 log unit, i.e. the threshold at that location is equal to the mean value for the control group, whereas a value of 1.0 corresponds to a threshold that is 1.0 log units above the mean value for the control group. 
Discussion
In this study we have shown that there are patients with RP, CD and DR who have relatively large, delayed mfERG responses with diminished or non-measurable second-order kernels. These responses occur in regions with poor visual field sensitivity. The results for patients with RP and CD do not resemble the typical mfERG responses which are decreased in amplitude and delayed in implicit time (e.g. Hood et al., 1998; Kondo et al., 1995; Seeliger et al., 1998) ; responses that are associated with regions with poor visual field sensitivity (Holopigian et al., 2002; Hood et al., 1998) . The decreased mfERG response amplitudes reported for the majority of patients with RP and CD have been attributed to damage and/or loss of cone photoreceptors. It has been suggested that the damage or loss reduces the peak amplitude of the positive potential and results in moderate delays of implicit time (Hood, 2000) . What can account for our findings of relatively large delayed responses with non-recordable second-order responses in regions with poor visual field sensitivity?
The second-order response is a measure of how the mfERG response is influenced by adaptation to successive flashes and is thought to be a result of temporal adaptation in the retina (Hood, 2000; Sutter, 2000) . Stamper, 1996; Ohshima, Hasegawa, Takada, Takagi, & Abe, 2001; Sutter & Bearse, 1999) or to an abnormal adaptation process in the inner retina (Palmowski, Sutter, Bearse, & Fung, 1997) . These explanations may in part account for the results obtained from the patients with DR, a disease that affects the inner retina as well as the mid-and outer retina. However, there are many reports of patients with ganglion cell damage secondary to ischemic optic atrophy and glaucoma who have relatively unaffected first-and second-order responses (e.g. Fortune, Johnson, & Cioffi, 2001; Hood et al., 2000; Sakemi, Yoshii, & Okisaka, 2002; Vaegen & Buckland, 1996) . In addition, there are clearly patients in this study with outer retinal disease who have non-detectable second-order responses. Thus it has been hypothesized that the damage in these patients is in the outer plexiform layer and this damage results in an abnormality in the mechanism(s) of adaptation in this layer (Hood, 2000) . Before discussing this possibility, the effects of stray light need to be considered. It is theoretically possible that the responses we observe that are delayed and without a second-order response are due to stray light. Stray light responses will not show a second-order response (Shimada & Horiguchi, 2003) and first-order responses may be delayed due to the fact that they are elicited by weaker lights. Shimada and Horiguchi (2003) studied the mfERGs due to stray light by obtaining responses from a patient with an enlarged optic disc or optic disc coloboma. The second-order responses were absent in the region of the disc. However, the first-order responses were small and only became markedly delayed if the stimulus intensity was reduced well below that used in the current study. It is therefore unlikely that the results we have obtained are due to the effects of stray light.
Support for our hypothesis that damage in the outer plexiform layer results in an abnormality in temporal adaptation comes from recent studies designed to investigate the cellular contributions to the mfERG. In these studies the effects of pharmacological agents on mfERG responses in the monkey retina were assessed. After suppression of most of the inner retinal activity with intravitreal injections of agents such as tetrodotoxin (TTX) and N-methyl D-aspartic acid (NMDA) the waveform closely resembled that of the human mfERG. Based on these results, and additional pharmacological dissection of the monkeyÕs mfERG, a model of the human mfERG was proposed. It was suggested that the waveform is a combination of contributions from ON-and OFF-bipolars, with smaller contributions from the inner retina and photoreceptors (Hood, Frishman, Saszik, & Viswanathan, 2002) . In addition to analyzing the effects of pharmacological agents on the first-order kernel, the second-order kernel was also analyzed. Although a missing second-order response has been attributed to a missing inner retinal or optic nerve head component, in this study by Hood et al. (2002) , and in another by Hare and Ton (2002) , when inner retinal activity was pharmacologically blocked the second-order kernel was reduced but not eliminated. This indicates that the second-order kernel has contributions from the ON-and OFF-bipolars and is a result of temporal adaptation processes acting on the responses of the ON-and OFF-bipolars as well as on the responses of inner retinal cells. A possible explanation for our findings of relatively large delayed responses with non-recordable secondorder responses in regions with poor visual field sensitivity, is that the time dependent gain mechanism, known to shape the bipolar response, is abnormal in these patients with diseases which affect the outer retina (Hood, 2000) . We suggest that there is damage to the outer plexiform layer in addition to damage to the photoreceptors. Although elimination of the second-order response depends upon damage to the outer retina, normal second-order responses probably require normal mechanisms of temporal adaptation at both outer and inner retinal layers. Whatever the underlying cause, the fact that the second-order response is greatly diminished in these patients is potentially important for our understanding of mechanisms of disease action as well as mechanisms of adaptation.
